Bacterial pathogens sense host cues to activate expression of virulence genes. Most of these signals are sensed through histidine kinases (HKs), which comprise the main sensory mechanism in bacteria. The host stress hormones epinephrine (Epi) and norepinephrine are sensed through the QseC HK, which initiates a complex signaling cascade to regulate virulence gene expression in enterohemorrhagic Escherichia coli (EHEC). Epi signaling through QseC activates expression of the genes encoding the QseEF 2-component system. QseE is an HK, and QseF is a response regulator. Here, we show that QseE is a second bacterial adrenergic receptor that gauges the stress signals Epi, sulfate, and phosphate. The qseEF genes are organized within an unusual operonic structure, in that a gene is encoded between qseE and qseF. This gene was renamed qseG, and it was shown to encode an outer membrane (OM) protein. EHEC uses a type III secretion system (TTSS) to translocate effector proteins to the epithelial cells that rearrange the host cytoskeleton to form pedestal-like structures that cup the bacterium. QseE, QseG, and QseF are necessary for pedestal formation. Although QseE and QseF are involved in the transcriptional control of genes necessary for pedestal formation, QseG is necessary for translocation of effectors into epithelial cells. QseG is an OM protein necessary for translocation of TTSS effectors that also works in conjunction with a 2-component signaling system that senses host stress signals.
B
acteria and their hosts communicate with each other through hormone-like compounds. This communication is referred to as interkingdom cell-to-cell signaling (1) . Many pathogens sense and respond to the host adrenergic signaling molecules epinephrine (Epi) and norepinephrine to recognize the host environment and promote the expression of virulence factors (1) . These pathogens use the same histidine kinase (HK), QseC (2, 3) , to recognize both host-derived adrenergic signals as well as a bacterial signal dubbed autoinducer-3 (AI-3) (1, 3, 4) . Upon sensing any of these 3 signals, QseC augments its phosphorylation and subsequently phosphorylates a transcription factor, QseB (2) , thereby relaying the presence of these signals to a complex regulatory cascade and leading to transcription of key virulence genes (1) (2) (3) (4) (5) .
Enterohemorrhagic Escherichia coli (EHEC) causes hemorrhagic colitis and hemolytic uremic syndrome worldwide. EHEC colonizes the large intestine and adheres to epithelial cells forming attaching and effacing (AE) lesions, which efface the microvilli and reorganize the host cytoskeleton into a pedestal-like structure (6) . Most of the genes necessary for AE lesion formation are encoded within the locus of enterocyte effacement (LEE). The LEE is composed of 41 genes organized in 5 major operons (named LEE1 to LEE5) and encodes all of the components of a type III secretion system (TTSSs)-an adhesin, intimin, and the translocated intimin receptor (Tir). EHEC secretes structural proteins of the TTSS, such as EspA, a filament that creates a sheath around the TTS needle, and EspBD, which creates a pore through the eukaryotic cell membrane. Tir is translocated through the TTSS into host cells, where it embeds itself in the membrane and acts as a receptor for Intimin. Tir also initiates a signaling cascade that leads to the recruitment of N-WASP and Arp2/3, leading to actin nucleation and the formation of the pedestal (6). EHEC's repertoire of virulence factors includes numerous TTS effectors, many of which are encoded outside the LEE but are translocated into host cells via the LEE TTSS (7, 8) . One such effector is EspFu, which acts as a link between Tir and N-WASP and the Arp2/3 complex (9) (10) (11) .
Most pathogens develop mechanisms to recognize when they have reached a certain niche. EHEC recognizes the AI-3 that is produced by the intestinal microbial flora (4, 12) , as well as the host hormones Epi and norepinephrine (4) . Norepinephrine is produced in the intestine by adrenergic neurons of the enteric nervous system, whereas Epi is a systemic hormone produced in the central nervous system and the adrenal medulla that reaches the intestine through the bloodstream (13, 14) . These stress hormones affect many normal functions of the intestine, such as chloride and potassium secretion (13) (14) (15) . Upon recognition of these signals, QseC autophosphorylates, then transfers a phosphate to QseB, which in turn activates the flagella regulon (2) and genes involved in AE lesion (3) . This regulation is complex and involves many intermediary signaling proteins, such as QseA (16) , and another 2-component system, QseEF, which is also involved in the transcriptional activation of espFu (17) . QseE and QseF are a cognate pair, and QseE transfers its phosphate to QseF (18) . QseF is a response regulator and contains a helix-turn-helix DNA-binding domain and a 54 activation domain. It has also been reported that QseF can be phosphorylated by at least 4 noncognate sensors: BaeS, EnvZ, RstB, and UhpB (18) . The qseEF genes are cotranscribed with a small gene, yfhG. YfhG contains a predicted secretion signal sequence and is predicted by in silico analysis (http://ca.expasy.org) to be a membrane protein. However, it lacks significant homology to other proteins and does not contain any predicted active sites or conserved domains. Membrane proteins are key players in allowing 2-component systems to recognize their cognate signals and communicate with other 2-component systems (19, 20) . In this study we elucidated the role of YfhG (QseG) in pedestal formation and further characterized the QseEF system and its roles in responding to environmental signals and regulation of AE lesion formation.
this gene was renamed qseG. Previous reports and in silico analysis revealed that the structure and regulation of this operon is complex, with at least 2 transcriptional start sites (TSSs) that have been mapped by primer extension, one upstream of glnB and another upstream of qseE. Both of these TSSs have 70 promoters (21, 22) . Additional in silico scans of the EHEC genome using a 54 consensus sequence predicted a 54 promoter upstream of qseG (www.promscan.uklinus.net/RpoN/data.html) (Fig. 1A) .
Autoregulation is common within 2-component systems. Using a qseE-lacZ transcription fusion, we could not detect differences in transcription between WT and a qseE nonpolar mutant (Fig. 1B) . Quantitative RT-PCR (qRT-PCR) for the qseE transcript and transcription of a qseE-lacZ transcription fusion showed that transcription of qseE was increased in the qseG mutant, suggesting that QseG exerts a repressive role in the expression of qseE ( Fig. 1 B and  C) . Conversely, expression of qseE was decreased in a qseF mutant, suggesting that QseF activates the expression of qseE ( Fig. 1 B and  C) . However, it is worth noting that QseF is a 54 -dependent response regulator, suggesting that QseF acts through an intermediary, yet unidentified transcription factor to activate the 70 promoter upstream of qseE. These data indicate that the promoter upstream of qseE is activated through QseF. Transcription of this promoter was not affected in a qseE mutant, which can be explained by the previous observation that QseF is a promiscuous response regulator that can be phosphorylated by 4 other HKs in addition to QseE (18) . Expression of qseE was repressed by QseG. In silico analyses using the Trans Term program (23) did not find any transcription terminators between qseF and qseG. The differential expression of qseE between qseF and qseG mutants could be due to posttranscriptional regulation.
Because there are 2 additional internal promoters in this operon, we investigated whether transcription autoregulation occurred through either one of these promoters. Transcription of both qseG and qseF was unaltered in any of the 3 mutants, suggesting that transcription of these 2 genes is not subject to autoregulation. In contrast, transcription of glnB was increased in the qseF and qseG mutants, suggesting that QseF and QseG act through the promoter upstream of glnB to repress its transcription. These data highlight the complexity of the autoregulatory circuit that governs the expression of the qseEGFglnB operon (Fig. 1C) .
QseG Is an Outer Membrane Protein. QseG is a 237-aa protein that separates on an SDS/PAGE gel at 27 kDa. The first 25 amino acids of QseG are predicted to be a signal sequence, and QseG contains lipid attachment sites (http://expasy.org/tools/ scanprosite/). QseG shows homology to membrane proteins as well as alpha-helix proteins (http://expasy.org/tools/blast/). However, no additional domains or active sites were found in QseG based on in silico analysis. To determine the localization of QseG in EHEC, we isolated crude membrane fractions from an EHEC strain expressing a QseGMycHis fusion protein. These fractions were then separated over a sucrose density gradient. Density of each fraction was determined based on its refractive index. As seen in Fig. 2 , 18 fractions ranging from 1.092 to 1.2073 g/mL were isolated. An anti-Imp antibody was used as a control for the sucrose fractions. This antibody recognizes an inner membrane protein of Ϸ55 kDa and the outer membrane (OM) protein, OmpA, at Ϸ19 kDa. When fractions were blotted with this antibody, OmpA appeared primarily in fractions 1 and 2 at 1.2076-1.2046 g/mL, whereas Imp appeared primarily in fractions 7-10 at 1.1493-1.1311 g/mL (Fig. 2) . These weights correspond to the densities for the inner membranes and OMs from previously reported membrane fractionations (24, 25) . When these fractions were probed by using both an anti-His antibody or an anti-QseG antibody, in both instances QseG appeared in the first 2-3 fractions (1.2073-1.18 g/mL), indicating that QseG localizes to the OM (Fig. 2) .
QseG Is Required for Pedestal Formation. QseF is required for EHEC to form pedestals on epithelial cells because of its regulation of espFu (17) . To investigate whether QseG is involved in the same process, we tested the ability of the qseG mutant to make pedestals (26) . Actin was stained with FITC-labeled phalloidin, the bacteria and HeLa cell nuclei were stained with propidium iodide, and pedestals were visualized as brilliant patches of green underneath a red bacterium. The qseG mutant was unable to form pedestals, and pedestal formation was restored upon complementation (Fig.  3A) . This mutant produced and secreted EspA, EspB, and Tir (Fig.  3B) . QseG also did not activate expression of espFu (Fig. 3C) or the LEE genes (Fig. 3F) . Because the qseG mutant is able to produce and secrete each one of the components necessary for assembly of the TTSS and its effectors, we investigated whether the secretion apparatus was properly assembled and whether effectors, while secreted into the media, were properly translocated into epithelial cells.
To visualize the TTSS in the ⌬qseG strain, we used immunofluorescence. After infecting HeLa cells with WT and ⌬qseG EHEC, we stained the EspA filament of the TTSS in green by using an anti-EspA antibody and an FITC-conjugated secondary antibody. The HeLa cell nuclei and the bacteria were stained in red with propidium iodide. The qseG mutant formed EspA filaments (Fig.  3D) , demonstrating that it can assemble the TTSS. To further investigate why ⌬qseG is unable to form pedestals, we used the cyaA gene reporter system developed by Sory and Cornelis (27) . This system uses a fusion of a TTS effector and the calmodulindependent adenylate cyclase domain (cyaA) of Bordetella pertussis cytolysin. This toxin relies on calmodulin for activation, which is present in eukaryotic cells but not prokaryotic cells (28) . Therefore, rises in the levels of cAMP in the host cell due to the activation of the adenylate cyclase toxin will only occur if the effector-cyaA fusion is translocated by the TTSS into host cells rather than simply secreted into the media. We used the tir-cyaA gene fusion (29) to monitor the translocation of Tir into host cells by WT EHEC, the ⌬qseG EHEC, and the complemented strain. Levels of cAMP of HeLa cells infected with WT were set at 100%, and cAMP levels from cells infected with either the ⌬qseG or complemented strains were expressed as a percentage of the levels from cells infected with WT. The ⌬qseG did not translocate Tir (Fig. 3E) , and translocation of Tir was restored upon complementation. The complemented strain translocated Tir 3.5-fold higher than the WT strain, suggesting that overexpression of qseG enhances Tir translocation. These results suggest that QseG does not transcriptionally regulate the LEE or espFu genes, nor is it involved in structural assembly of the TTSS. Instead, QseG is necessary for the translocation of effector molecules into epithelial cells.
QseE Senses Epi, Sulfate, and Phosphate Sources. QseE is an HK that transfers a phosphate to QseF (18) . To mimic the membrane environment in in vitro assays, liposomes have been used (2, 30) . This system also provides information about domain orientation, given that the HK is inserted in an inside-out orientation. This orientation, as shown in Fig. 4A , allows different chemicals to be preloaded into the liposome and tested for their ability to enhance the HK's autophosphorylation (2, 30) . To identify the physiological signals sensed by QseE, QseE was inserted into liposomes. Based on QseE's putative role in the EHEC AI-3/Epi/norepinephrine signaling cascade, we used sources of 50 M Epi as well as 50 M AI-3. In addition, we treated the liposomes with 100 M 4,5-dihydroxy-2,3-pentanedione (Omm Scientific), the precursor to the AI-2 signal, as well as 20 mM fumarate, the known signal for DcuS (30) . We also tested sources of iron (150 M FeCl 3 ) and nitrogen, signals known to be important in pathogenesis. As shown in Fig. 4B , QseE exhibited a low level of basal phosphorylation when no signals were added. However, QseE showed a robust response to nitrogen sources [15 mM glutamine and 15 mM (NH 4 ) 2 SO 4 ], and it significantly increased phosphorylation in response to Epi, but it showed no response to AI-3, AI-2, or iron (Fig. 4B) . The phosphorylated band from autoradiography was confirmed to be QseE by Western blot analysis and mass spectrometry. These results suggested that QseE senses nitrogen sources and Epi but not quorum-sensing molecules.
To further investigate QseE's response to nitrogen sources, we preloaded QseE liposomes with glutamine or ammonium sulfate separately. This demonstrated that QseE was responding specifically to ammonium sulfate and not to glutamine (Fig. 4C) . Considering the presence of glnB in this operon, it would be logical for QseE to be a nitrogen sensor. However, one needs to distinguish whether QseE was responding to ammonium (a true nitrogen source) or its counter ion sulfate. To this end, we conducted the autophosphorylation assays with numerous sources of phosphate or sulfate (Fig. 4D ). QseE's autophosphorylation in each case was stimulated by the presence of either phosphate or sulfate sources but not by NaCl or KCl, which were used as controls. Although these experiments demonstrated that QseE autophosphorylation is stimulated by phosphate and sulfate sources, they did not rule out the possibility that QseE is a nitrogen sensor. To further elucidate QseE's role as a potential nitrogen sensor, we tested the ability of numerous ammonium compounds to activate QseE autophosphorylation. As observed in Fig. 4E , only the ammonium compounds containing a phosphate or sulfate counter ion were able to stimulate QseE autophosphorylation. These data indicate that QseE senses phosphate, sulfate, and Epi, but that it is not a nitrogen sensor. We have previously reported that epinephrine activates espFu expression (17) . Given that QseE also senses sulfate and phosphate sources, we investigated whether phosphate and sulfate increased espFu expression. Congruent with the phosphorylation studies, phosphate and sulfate increased espFu expression (Fig. 4F) . This activation was modest, which can again be explained by the fact that QseF can be phosphorylated by 4 other HKs in addition to QseE (18) .
Discussion
Two-component signaling systems are major prokaryotic players in the recognition and transduction of environmental signals. Here, we report 2 genes encoding a 2-component system cotranscribed with a gene encoding an OM lipoprotein, QseG (Fig. 1) . QseG is shown to be important for AE lesion formation (Fig. 3) , and in contrast to QseE and QseF, it does not have a role in transcription regulation of the genes encoding the TTSS and its effectors. However, a ⌬qseG strain is unable to translocate the effector Tir, which is essential for pedestal formation, into the host cell. Lipoproteins have been reported to play a role in expression of TTSSs (31), but QseG seems to play a role in translocation instead.
Although the genetics of many 2-component systems have been characterized, very few physiological signals that HKs recognize are known. It has been shown genetically that QseE and QseF are members of the EHEC Epi/norepinephrine/AI-3 signaling cascade, because they are regulated by both QseA and QseBC (17) . Here, we show that QseE responds to Epi but not AI-3 (Fig. 4) . This is logical, considering that QseEF plays a role in pedestal formation but not in flagellation or motility (17) . EHEC has a low infectious dose, so it is hypothesized that the AI-3 it responds to upon entering the intestine is produced by the normal flora in the lumen (4). In the lumen it would be beneficial for EHEC to express flagellation genes for motility and not genes associated with AE lesion formation. Epi is systemic in the blood, and norepinephrine is released by adrenergic neurons in the intestine (13, 14) . The sources of these compounds in the intestine suggest that they are present in highest concentration closest to the epithelial layer, the same location where EHEC begins the process of AE. Hence, the observation that QseE senses Epi but not AI-3 fits with the data showing that this 2-component system acts on pedestal formation but not flagellation. Although there are many parallels between QseE and QseC, QseE appears to be downstream in the signaling cascade from QseC (17) , and these 2 molecules most likely function in tandem.
QseE also has a strong response to both phosphate and sulfate sources (Fig. 4) . Little is known about sulfate levels in the intestine and how EHEC's sensing of sulfate might be involved in virulence. However, depletion in phosphate intestinal levels has been associated with increased stress and mortality by nosocomial infections (32) . The ability of QseE to sense phosphate may allow EHEC to outcompete the overwhelmingly large population of microorganisms in gaining nutrients, and therefore successfully colonize the intestinal epithelium.
This study takes the first steps toward characterizing QseEFG. The data presented indicate that the regulation and function of the QseEF system and QseG are complex. Because QseEFG is also present in nonpathogenic strains of E. coli, it is likely that they have 2 distinct roles in nonpathogenic and pathogenic strains. It is possible that although QseEFG is involved in AE lesion formation in EHEC, its role in nonpathogenic E. coli involves metabolism or stress responses. These roles could coincide if they involve sensing environmental cues that allow EHEC to inhabit the intestine. Understanding how commensal E. coli genes have been diverted to also play a role in the regulation of virulence genes in EHEC is important in the study of pathogenic E. coli. This is increasingly relevant as 2-component systems are evaluated as drug targets (3, 33) .
Materials and Methods
Strains and Plasmids, Recombinant DNA. All bacterial strains and plasmids used in this study are listed in Table S1 . Escherichia coli strains were grown in DMEM at 37°C or in LB. Recombinant DNA and molecular biology techniques were performed as previously described (34) . Primers used in qRT-PCR and cloning are listed in Table S2 . Plasmid pNR30 was constructed by amplifying qseE from EHEC genomic DNA with primers qsepet21F and qseEpet21R and cloning into (BamHI and NotI) pET21 (Novagen). Plasmid pNR03 was created by amplifying qseG and cloning into (EcoRI and KpnI) pBadMycHisA (Invitrogen). NR03 was constructed by using -Red as previously described (35) using primers yfhGRedF and yfhGRedR. To create the nonpolar mutant, NR03, the chloramphenicol cassette was resolved by using pCP20 (35) . NR03 was complemented with plasmid pNR03 to create strain NR05.
SDS/PAGE and Immunoblotting. Secreted proteins were isolated from EHEC WT, CVD451, NR03, and NR05 as previously described (36) . Whole-cell lysates were prepared from strains grown in DMEM to an OD 600 of 1.0. SDS/PAGE and immunoblotting were completed as previously described (34) . Protein concentration from whole-cell lysates was determined by using the Bradford assay (34) . Preparations were probed by Western blot analysis using polyclonal antisera against EspA, EspB, Tir, or intimin.
AE Lesion and TTSS Assembly
Tests. Fluorescent actin staining (FAS) and the EspA immunofluorescent filament staining tests were performed as previously described (26, 37) . As a negative control, we used an EPEC espA mutant, strain UMD872 (38) , and as a positive control, we used UMD872 with plasmid pICC284 expressing the EHEC EspA protein from a pBADMycHis vector (39) . Tir translocation assays were performed as previously described (29) .
Phosphorylation of QseE-His in Liposomes. QseE-His-loaded liposomes were prepared and tested for autophosphorylation in response to various signals as previously described (2) (details in SI Materials and Methods).
Real-Time qRT-PCR.
Cultures were grown in DMEM at 37°C to an OD 600 of 1.0. RNA was extracted from 3 replicates of each strain by using a RiboPure bacterial RNA isolation kit (Ambion) according to the manufacturer's instructions. Primers used in qRT-PCR analysis are listed in Table S2 . The qRT-PCR analysis was conducted by using an Applied Biosystems ABI 7500 sequence detection system using a 1-step reaction as previously described (12) . The rpoZ gene was used as an internal control. For details, please see SI Materials and Methods.
Membrane Preparation and Sucrose Density Gradient Centrifugation. Membrane separation methodology was adapted from previously published methods for isolation of OMs from Gram-negative bacteria (24, 25, 40) . For details, see SI Materials and Methods.
␤-Galactosidase Assays. Bacteria containing the lacZ fusions were grown in DMEM to an OD 600 of 1.0 at 37°C. These cultures were assayed for ␤-galactosidase activity as described previously (41) . ␤-Galactosidase activity of the qse-lacZ in WT and qseE, qseF, and qseG mutants was assayed in DMEM. ␤-Galactosidase activity of the espFu-lacZ in WT and qseE mutant was assayed in minimal media in the absence and presence of 15 mM phosphate and sulfate.
